INTRODUCTION
Regulatory T cells (Treg) are crucial in maintaining immune homeostasis and prevention of autoimmune diseases. 1, 2 Treg cells are generally divided into two major subsets: naturally occurring, thymus-derived cells that react to self-antigens (Ags) and peripherally, or ex vivo induced, adaptive Treg cells that primarily respond to environmental Ag or in vitro stimulation with cytokine TGF-β. [3] [4] [5] [6] [7] Most of these cells are CD4 + cells that express CD25 (interleukin-2 (IL-2) receptor alpha chain) and the fork head box protein P3 (Foxp3) transcription factor that is required for their differentiation and function. [8] [9] [10] [11] When first discovered in 1976, IL-2 was characterized as a soluble factor with the unique ability to promote clonal expansion of T cells in vitro. 12 It is primarily produced by antigen-activated T cells and can bind to three different high-affinity receptor subunits on target cell membranes. 13 The discovery made by our group and others that IL-2 is a key cytokine for Treg cell differentiation, survival, and function [14] [15] [16] [17] has led to new opportunities for tipping the balance between Treg and effector T cells towards Tregs. Furthermore, clinical trials using low-dose IL-2 have demonstrated that IL-2 shows great potential for expanding Treg cells and modulating immune pathologies. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] Here we review the current knowledge about IL-2 and its receptors, discuss the relationship between low-dose IL-2 and Treg development, especially focusing on mechanistic studies and clinical trials. These studies and trials have led to a shift in our understanding of IL-2 from a cytokine known for the activation of effector T cells against cancer when used at a high dose, to a cytokine that activates Treg cells to control autoimmunity at a low dose.
IL-2 BIOLOGY
IL-2, also named T-cell growth factor, was first discovered in 1976 and was characterized as a soluble factor with the unique ability to promote clonal expansion of T cells in vitro. 12 IL-2 is a 15.5 kDa four-bundle, α-helical protein member of the common cytokine receptor γ-chain family of cytokines (Fig. 1) . First cloned in 1983, it has been the most highly investigated IL with a diverse role in the regulation of the immune system. 30 IL-2 is predominantly produced by activated CD4 + T cells and, to a lesser extent by activated CD8 + T cells, activated dendritic cells, natural killer (NK) cells, NKT cells, as well as B cells. 31 IL-2 exerts its pleiotropic biological activities in autocrine or paracrine fashion by binding to its receptors, which consists of three subunits including IL-2Rα(CD25), IL-2Rβ(CD122), and IL-2Rγ c (CD132). 13 The heterotrimeric association of the IL-2Rα chain with IL-2Rβ and IL-2Rγ c provides a high-affinity receptor for IL-2 32 . The heterodimeric association of the IL-2Rβ chain and the common γ chain forms the intermediate-affinity IL-2R (binding affinity Kd ≈ 1 nM), present in resting T cells, memory CD8 + T cells and NK cells. 14 By contrast, the IL-2Rαβγ c heterotrimeric complex, also known as the high-affinity IL-2R receptor (Kd ≈ 10 pm), is transiently expressed by activated immune cells, including T and B lymphocytes, NK cells, and DCs even though it is constitutively expressed on Foxp3-expressing CD4 + Tregs. 33 CD25 is a membrane protein with extensive N-and O-linked glycosylation that contains a short cytoplasmic tail lacking both kinase activity and phosphotyrosine motifs and which therefore does not have intrinsic signaling properties. The signaling function of the high-affinity IL-2 receptor is mediated through the β and γ chains. While these chains also lack kinase activity, they constitutively bind to the Janus kinases JAK1 and JAK3. JAK1 and JAK3 kinase binding initiates phosphorylation of the β and γ chains, respectively, which then recruit STAT5a/ STAT5b via their SH2 domains. STAT5a/5b phosphorylation results in their translocation into the nucleus as a heterodimeric STAT complex, regulating gene transcription through binding to target DNA sequences. 34, 35 Alternatively, IL-2 signaling can induce the phosphorylation of the adaptor protein Shc which activates Ras-Raf MAP kinase and PI-3K pathways. 36 Altogether, STAT5a/b, Ras-Raf MAP kinase and PI-3K signaling pathways allow rapid transmission of IL-2 signals from the membrane to the nucleus. These signals control, in a direct and indirect manner, the expression and function of multiple master regulator transcription factors implicated in several differentiation and immune regulatory pathways 37 ( Fig. 2 ). IL-2 is a pleiotropic cytokine with myriad functions. Where Tregs are concerned, it supports their development in the thymus 38 ( Fig. 3) , is a key survival factor for them in the periphery, and is required for their functional competence and stability 17, 39, 40 ( Fig. 3 ).
IL-2 AND TREGS
IL-2 is Involved in Treg Development, Stability, and Function Supporting the initial hypothesis that IL-2 is required for Treg development in vivo, work from Malek et al. 41 demonstrated that the autoimmune disease expressed in Il2rb −/− mice could be prevented through transfer of CD25 + Tregs from WT mice into Il2rb −/− host mice. These studies demonstrated that Il2rb −/− mice lacked a functional population of Tregs. Additional work by this group demonstrated that thymus-specific expression of an Il2rb transgene was sufficient to rescue the defect in Tregs development suggesting that the defect in Il2rb −/− mice is due to a failure of Treg development in the absence of IL-2. 42 Our research group made the first observation that IL-2 is important for the differentiation and function of CD4 + Foxp3 + Treg induced ex vivo. 17 This finding was immediately validated by the laboratory of Dr. Ethan Shevach. 43 Although TGF-β and its receptor signal is essential for the Treg induction and development (induced Treg, iTreg) 5 and its functional characteristics have been widely studied [44] [45] [46] [47] [48] , the role IL-2 plays in iTreg development, stability, and function is by no means redundant. 17, 43 IL-2 signal plays a major role in thymic treg differentiation The importance of IL-2R signaling in thymic Treg differentiation is clearly demonstrated by the fact that the lethal autoimmunity in mice lacking Il2rb is due to a failure to generate thymic Tregs, and this phenotype is completely restored by adoptive transfer of small numbers of wild-type Tregs. 41 15 The quaternary complex consisting of IL-2 and IL-2Rα/β/γ induces the phosphorylation of STAT5, resulting in increased expression of CD25 and Foxp3 on Treg and activation of their suppressive activity. 15, 51 In the absence of IL-2 signaling, there was approximately a 50% reduction in the absolute numbers of Foxp3-expressing Treg cells in the thymic CD4 single-positive subset. 39 The absolute numbers of Foxp3 + T cells in the periphery, however, were similar to that seen in wild-type mice, presumably because lymphopenia-induced lymphproliferation of the depleted thymic Treg pool was able to overcome the Treg developmental defect. 39 Another study followed the fate of a hemaglutininspecific monoclonal T-cell population in IL-2-deficient, HA/TCRdouble transgenic mice. The data suggested that IL-2/IL-2R signaling is necessary for the peripheral maintenance, but not development, of Foxp3 + Treg cells. 52 This conclusion was supported, in part, by the observations of another study reporting that IL-2/IL-2R signaling is required for Treg cell proliferation in vivo. 53 In contrast, studies following the fate of HEL-specific T cells in IL-2-deficient mice expressing HEL under control of an insulin promoter 54 were more consistent with the idea that IL-2/IL-2R signaling is indispensable for development of Foxp3 + Treg cells. Takatoshi Chinen et al. 55 found that the capture of IL-2 was dispensable for control of CD4 + T cells but was important for limiting the activation of CD8 + T cells, and that IL-2R-dependent activation of the transcription factor STAT5 had an essential role in the suppressor function of Treg cells separable from signaling via the T-cell antigen receptor by using genetic gain-and loss-offunction approaches. They hypothesized that genetic modification of Treg cells might hold promise for the optimal design of Treg cell-based therapies for a variety of autoimmune and inflammatory disorders and organ transplantation. When taken together, these observations in neo-antigen-specific TCR-transgenic mice suggest that differences in the levels and/or anatomical geography of antigen expression and/or in the affinities of the transgenic TCRs under study influence the extent with which IL-2/IL-2R deficiencies affect Treg development, peripheral homeostasis, or function. 56 Notwithstanding these discrepancies, several lines of evidence support the idea that IL-2/IL-2R signaling is necessary for peripheral homeostasis of the CD4 + CD25 + Treg population. First, the peripheral CD4 + CD25 + Treg pool is significantly reduced or absent in the absence of IL-2 or IL-2R. 39, 52, 53 Second, reconstitution of IL-2-competent hosts with a mixture of wild-type and IL-2R-deficient bone marrow revealed that peripheral Treg arise Fig. 1 Model structure of IL-2. Human IL-2 comprises 133 amino acids and weighs 15.5 kDa, while mouse IL-2 is comprised of 149 amino acids and weighs 16 kDa; they show 57% sequence homology. The amino acids that interact with IL-2R subunits are designated in yellow for IL-2Rα, red for IL-2Rβ and blue for γ c exclusively from the wild-type donor marrow. 57 Third, the size of the peripheral CD4 + CD25 + Treg population in neonatal mice was significantly reduced upon administration of neutralizing anti-IL-2 antibodies. 52 Finally, treatment of NOD mice with a neutralizing anti-IL-2 antibody compromised Treg immune regulation and resulted in the development of accelerated T1D. 58 Research has demonstrated that IL-2-deficient and IL-2R-deficient mice can be found to contain Foxp3 + CD25 − T cells which would suggest that Treg development is not IL-2 dependent. 39, 52 These cells, however, express lower levels of Foxp3 and represent immature, nonfunctional Treg cells. 57 Yet another study along these lines found that IL-2 −/− Bim −/− mice contain normal numbers of Foxp3 + cells in the periphery, but these cells also were not functional and the mice developed a lethal autoimmune phenotype. 59 IL-2-deficient, IL-2R-deficient, or STAT5-deficient models and treg cells. In early phenotypic analyses of IL-2-deficient mice, Schorle and Sadlack found that lack of IL-2 does not lead to immunodeficiency or a failure of peripheral T cells to get activated but rather to hyper activation of the CD4 T-cell compartment. 60, 61 Very similar phenotypes were also seen in IL-2Rβand IL-2Rα deficient mice. 62, 63 Further research showed that deletion of IL-2 resulted in the absence of CD4 + CD25 + Tregs, which resulted in the occurrence of T-cell-mediated autoimmune diseases. 58 Barmeyer et al. found that T cells and NK cells were present in neonatal mice with the deletion of IL-2. 64 At 4 weeks, hyperplasia of lymph node, intestinal lymphoid tissue and splenomegaly occurred, at the same time the concentration of autoantibody in peripheral blood increased. 64 At 9 weeks, 25-50% mice died of severe hemolytic anemia, while others suffered from severe inflammatory bowel diseases and other autoimmune phenotypes. 64 Malek et al. 65 also showed that the absence of Treg development in IL-2-and IL-2R-deficient mice resulted in a lymphoproliferative autoimmune syndrome. Similarly, autoimmune disease development is linked to IL-2 deficiencies in humans [66] [67] [68] , most likely due to the expansion of immature non-functional Treg in the absence of IL-2 signals. 69, 70 Mice that lack STAT5a and STAT5b display massive lymphocyte infiltration of multiple organs. 71 In these mice, there is a dramatic reduction in the size of the CD4 + CD25 + Treg population, resembling that seen in IL-2Rα-deficient mice. This is likely due to lack of Foxp3 expression, which requires STAT5, one of the key . The signaling function of the high-affinity IL-2 receptor is mediated through IL-2Rβ and γ c chains. These chains constitutively bind to JAK1 and JAK3 and phosphorylate which then recruit STAT5a/STAT5b via these molecules' SH2 domains. Phosphorylation of STAT5a/5b by JAKs results in the heterodimeric complex, which regulates gene transcription by binding to target DNA sequences. Phosphorylation of the adaptor SHC also leads to the activation of the Ras-Raf-MAPK and PI3K pathways. Any one or all of the STAT5a/b, Ras-Raf-MAPK, and PI3K signaling pathways can be activated under the appropriate situation. This accounts for IL-2's pleiotropic actions on target cells
signal transduction molecules that connect IL-2 receptor activation to gene regulation in the nucleus. 72, 73 On the basis of these findings described above, it is likely that the appropriate low dose of IL-2 could be used to simulate Tregs and then in directly to reduce Th17 and Tfh activity. IL-2 might indeed become a prime candidate for the treatment of a broad range of autoimmune diseases.
Low-dose IL-2 treats diseases through expansion of treg cells. Base on the discovery that IL-2 is a key cytokine for Treg cell differentiation, survival and function, many studies tried to find out the therapeuticy potential in animal models and humans. Yenkel Grinberg-Bleyer et al. 74 found that 5 days of low-dose IL-2 administration starting at the time of T1D onset can reverse established disease in NOD mice, with long-lasting effects by increasing the numbers of Treg cells in the pancreas and inducing expression of Treg related proteins including Foxp3, CD25, CTLA-4, ICOS, and GITR in these cells. However, Audrey Baeyens et al. 75 observed that the RAPA/IL-2 combination had a failure to cure T1D. It is possible that RAPA counteracted low-dose IL-2 (25,000 IU daily) and then failed to control IL-2-boosted NK cells, and blocked IL-2-induced tolerance in a reversible way and was associated with an unexpected deleterious effect on glucosehomeostasis at multiple levels, including B-cell division, glucose tolerance, and liver glucose metabolism. In 2016, Benjamin Bonnet et al. 76 discovered that low-dose IL-2 (ld-IL-2)-induced Treg expansion and activation that elicited protection against clinical manifestations of food allergy in two mouse models with OVA and peanut by evaluating the ability of ld-IL-2 to control allergy in an experimental model of food allergy, and the preventive and therapeutic effects were long-term effective over a 7-month period. Their further mechanistic studies indicated that protection from allergy could be explained by a Treg-dependent local modification of the Th1/Th2 balance and an inhibition of mast cell recruitment and activation. This study demonstrated that ld-IL-2 is efficient to prevent and to treat allergic immune responses, and thus represents a promising therapeutic strategy for managing allergic diseases for human in future.
Therapeutic use of IL-2 in humans was initially used at high doses. Ahmadzadeh et al. 77 studied the impact of IL-2 administration on the frequency and function of human CD4 + CD25
hi T cells in immune intact patients with melanoma or renal cancer, and found that administration of high-dose IL-2 increased the frequency of circulating CD4+ CD25hi Foxp3+ regulatory T cells, its suppressive activity and the expression of phenotypic markers associated with regulatory T cells, such as Foxp3. However, more and more clinical studies found that high-dose IL-2 has a poor safety profile but a robust efficacy in only a fraction of patients with a restricted set of cancers. And the high toxicity severely restrained the use of highdose IL-2. In recent years, it has been found that to avoid the severe side effects of high-dose IL-2 and also prevent, as far as possible, the activation of effector T cells, using low-dose IL-2 could be the solution. So, in this part, we summarize the clinical trials of lowdose IL-2 treatment in autoimmune diseases.
Low-dose IL-2 treatment and hematopoietic stem cell transplantation (HSCT) Zorn et al. treated chronic myelogenous leukemia patients after allogeneic hematopoietic stem cell transplantation (HSCT) with low-dose IL-2 and found that treatment resulted in a 1.9 median fold increase in the numbers of CD4 + CD25 + cells in peripheral blood as well as a 9.7 median fold increase in Foxp3 expression in CD3 + T cells, and that this effect appeared to increase as the treatment condition. 72 In 2009, the same group also found that the combination of low dose IL-2 with Treg infusion can significantly improve the clinical effect of HSCT by increasing the numbers of Treg cells in vivo. 18 Low-dose IL-2 treatment and HCV-induced vasculitis Saadoun et al. 19 evaluated the clinical efficacy and immunologic response after low-dose IL-2 therapy in HCV-related vasculitis patients, and found that treatment resulted in a 3 median folds increase of the numbers of CD4 + Treg cells and a 8 median folds increase of CD8 + Treg cells in peripheral blood, as well as a small increase in NK and CD56 bright NK cells, but decrease of B cells.
Low-dose IL-2 treatment and T1D An IL-2 dose determination study was performed in a small cohort of T1D patients in 2013. 20 This randomized placebo-controlled phase I/II trial was under taken to define the lowest IL-2 dose that could induce Treg cells in 24 adult T1D patients randomized in groups of 6patients to either placebo or IL-2 at doses of 0.33, 1 or 3 million international units per day for a 5-day course. In this study, IL-2 therapy was safe and led to a dose-dependent increase in the numbers of CD4 + and CD8 + Treg cells with no increase or minimal increase in effector T cells and NK cells, and an absence of deleterious effects on insulin secretion. Rosenzwajg et al. 21 also found that expansion of Treg cell populations was accompanied by a marked increase in their expression of activation markers such as CD25, glucocorticoid-induced TNFR-related protein (GITR) and cytotoxic T lymphocyte antigen 4 (CTLA-4). However, both trials were not powered to assess effects on insulin secretion, so further clinical trials enrolling children and adults with recent onset T1D are needed. These studies will be undertaken in Europe (NCT02411253). 78 Yu et al. 79 found that IL-2 optimally stimulated tyrosine phosphorylated STAT5 at~10-fold lower levels of IL-2 than CD45RO + CD4 + memory T cells by quantifying the levels of initial proximal signaling and downstream gene activation.
Low-dose IL-2 treatment and chronic graft-versus-host disease (GVHD) IL-2 was also shown to have beneficial effects for the treatment of chronic graft-versus-host disease (GVHD), an alloimmune inflammatory disease occurring after allogeneic haematopoietic stem cell transplantation. In a study conducted by Koreth et al. 22 , a cohort of 29 patients with chronic GVHD refractory to glucocorticoid therapy received rIL-2 at three dose levels (300,000, 1 million and 3 million IU) daily for a period of eight weeks. The numbers of CD4 + Tregs increased about 8 folds in all patients, and approximately 50% of patients evaluated demonstrated an objective partial response. In another study undertaken to define the mechanisms of action of IL-2 therapy, Matsuoka et al. 23 examined the immunologic effects of low-dose IL-2 treatment on homeostasis of CD4 + T-cell subsets after transplant and found that IL-2 therapy resulted in a selective increase of STAT5 phosphorylation in Tregs and a decrease of pSTAT5 in effector T cells. Over an eight-week period, IL-2 therapy induced a series of changes in Treg homeostasis including increased proliferation and thymic export and an enhanced resistance to apoptosis. 23 Similarly, low-dose IL-2 administration has been tested in patients receiving hematopoietic stem cell transplantation in order to prevent GVHD. 24 No adverse events of grade 3 or 4 nor any induction of GVHD were reported. In addition to an expansion of Tregs, viral infections were actually reduced in the low-dose IL-2 treated group compared to the control group. 24 In this regard, two more studies have been recently completed in chronic GVHD patients. 25, 26 NayounKim et al. 25 gave a chronic GVHD patient daily low-dose IL-2 treatment for 8 weeks followed by an 18 weeks hiatus and a follow-up administration for another 8 weeks, and demonstrated that low-dose IL-2 could induce a 37.3% expansion of Tregs leading to the improved Treg/Th17 ratios. In another phase II study 26 , 35 adults with steroid-refractory cGVHD received daily IL-2 treatments of 1 million IU for 12 weeks. Compared with pretreatment levels, Treg and NK cell counts increased over 5-folds and 4-folds, respectively, without significant change in conventional CD4 + T cell or CD8 + T cell numbers. 26 Low-dose IL-2 treatment and alopecia areata In one study 27 , low-dose recombinant IL-2 induced a marked increase in the numbers of Treg cells accompanied by a marked decrease in the numbers of infiltrating CD8 + effector T cells in scalp biopsies of patients with autoimmune alopecia areata during and after IL-2 treatment.
Low-dose IL-2 treatment and systemic lupus erythematosus (SLE) In addition to the autoimmune diseases mentioned above, the potential treatment effect of low-dose IL-2 has been further strengthened by success in human clinical studies in systemic lupus erythematosus (SLE). In a study by Humrich et al. 28 , one patient with severe SLE refractory to standard therapy received low-dose IL-2 first at 1.5 MIU and then at 3 MIU for 5-day each. They found that the numbers of Treg increased and the antidsDNA antibody levels decreased. To define the effects of lowdose recombinant human IL-2 (rhIL-2) treatment on regulatory and effector CD4 + T-cell subsets in patients with active SLE, He et al. 29 gave 40 patients with active SLE2 MIU IL-2 every other day for 2 weeks followed by a 2-week hiatus, and demonstrated that low-dose IL-2 could both increase the numbers of CD25 high C-D127 low Treg cells and enhance their function, and that the ratio of TFH + TH17 cells/Treg cells fell significantly. In addition to clinical trial of low-dose IL-2 above mentioned, there are 14 ongoing clinical trials listed in www.clinicaltrial.org (Table 1) and two modified IL-2 patent applications have been granted (www. uspto.gov).
CONCLUSION
The data summarized in this review have indicated that IL-2 plays a key role in promoting the development, homeostasis and function of regulatory T cells though IL-2/STAT5 signals. Additionally, the independent clinical trials have also shown the safety of low-dose IL-2 treated in multiple autoimmune diseases. Moreover, these trials have provided preliminary indications of significant biological and clinical efficacy. We hypothesize that low-dose IL-2 may be a prime candidate therapy for other autoimmune diseases such as Rheumatoid Arthritis (RA) in which a deficiency in Treg cell number or function is present. However, these new therapeutic approaches present some undesirable adverse effects. Three potential ways to prevent these adverse effects include: (1) using IL-2/anti-IL-2 complexes to target CD25 − expressing cells and expand Treg without inducing IL-2-mediated expansion of autoreactive effector T cells 80 ; (2) combining IL-2 administration with a blockade of cytokine pathways to promote Treg function and prevent Tfh cell development. 80 For example, coadministration of low-dose IL-2 (or IL-2/anti-IL-2 complexes) together with anti-IL6R might synergize to promote Tregmediated suppression 81 in the absence of effector T-cell activation. (3) Modifying IL-2. Bell et al. 82 compared the clinically approved IL-2 molecule, Proleukin, with two engineered IL-2 molecules with long half-live sowing to their fusion in monovalent and bivalent stoichiometry to a non-FcRγbinding human IgG1 and demonstrate that single ultra-low doses of IL-2 fusion proteins induce a prolonged state of in vivo activation that increases Tregs for an extended period of time similar to multiple-dose Proleukin. Therefore, additional well-controlled clinical trials are needed to validate improved and safer dosing strategies for low-dose IL-2 used in autoimmune diseases, but also future studies need to be done both in experimental animal models and later in clinics in order to validate IL-2/anti-cytokine therapies or IL-2/anti-IL-2 complex or IL-2 modification therapies as well.
